The denitrifying fungus Cylindrocarpon tonkinense was thought to be able to denitrify only nitrite (NO -is used as the nitrogen source for ultimate incorporation into the biomass. The other is dissimilatory and uses NO3 -as the terminal electron acceptor of anaerobic respiration. Distinct enzyme (reductase) species are involved in each pathway, which can be discriminated from the other by their electron donors and intracellular localization. Assimilatory NO3 -reductase (aNar) and nitrite (NO2 -) reductase (aNir) of fungi and bacteria use NADH or NADPH (NAD(P)H) as the electron donor for reducing NO3
as the terminal electron acceptor of anaerobic respiration. Distinct enzyme (reductase) species are involved in each pathway, which can be discriminated from the other by their electron donors and intracellular localization. Assimilatory NO3 -reductase (aNar) and nitrite (NO2 -) reductase (aNir) of fungi and bacteria use NADH or NADPH (NAD(P)H) as the electron donor for reducing NO3
-and NO2 -, respectively. 1, 2) By contrast, the dissimilatory counterparts (dNar and dNir) receive electrons from the respiratory chain. 3, 4) The dissimilatory pathway, which is also called nitrate respiration, is further classiˆed into denitrifying and non-denitrifying (ammoniˆcation) types. 3, 4) This classiˆcation of metabolic pathways and related enzymes is based on current knowledge. By contrast, the recentˆndings of denitriˆcation, [5] [6] [7] [8] codenitriˆcation, 6, 9) and ammonia fermentation 10) by fungi have broadened the variety of dissimilatory NO 3 -metabolisms. The mitochondrial denitrifying system of fungi contains P450nor [11] [12] [13] and a formate dehydrogenase (Fdh)-Nar couple, 11, 14) which are unique. P450nor acts as nitric oxide (NO) reductase (Nor) and receives electrons directly from NAD(P)H. 7, 15, 16) Thus a portion of the reducing steps of denitriˆcation is not associated with the respiratory chain. The Fdh-Nar couple mediated by the ubiquinone (UQ) W ubiquinol (UQH2) pool is characterized in the non-denitrifying nitraterespiration system of Escherichia coli, 3) but it has never been found in a bacterial denitrifying system. Ammonia fermentation is the third type of dissimilatory metabolism, in which NO3
-acts as the terminal electron acceptor for fermentation but not for respiration.
10) The oxidation of ethanol or other electron donors to acetate, which contains a substrate-level phosphorylation, coupled to the reduction of NO3
-. NAD(P)H-dependent aNar and aNir seem to be responsible for the reduction of NO3 -to ammonium (NH 4 ＋ ). Thus this would be theˆrst example of a dissimilatory use of the assimilatory enzymes.
We showed that fungal denitriˆers are of two types depending on their ability to reduce NO3 -in a dissimilatory manner. [5] [6] [7] [8] A few fungi such as Fusarium oxysporum and Gibberella fujikuroi were shown to reduce NO3
-as well as NO2 -in a dissimilatory manner to evolve N2O, 5, 17) while most other fungi seem to reduce only NO2 -to N2O. F. oxysporum contains mitochondrial, UQH2-dependent Nar (dNar) activity, which is responsible for the dissimilatory reduction of NO3
-. 11, 14) It would thus appear that fungal denitriˆers that cannot use NO3
-as the denitriˆcation substrate lack dNar. Cylindrocarpon tonkinense was thought to be one of such denitriˆers. 7, 11) But this study provides evidence of the occurrence of a novel type of denitriˆcation by C. tonkinense in which aNar but not dNar would correspond to the reduction of NO 3 -.
Materials and Methods
Fungal strain and media. Cylindrocarpon tonkinense IFO (Institute for Fermentation Osaka) 30561 was grown in 1000 ml of tap water containing 10 g glucose (or 30 g glycerol), 1.70 g NaNO3 (or 2.0 g peptone), 1.36 g KH2PO4, 0.20 g MgSO4 7H2O, and 1 ml of trace elements. The pH was adjusted to 7.5 with concentrated NaOH. The trace element solution consisted of 10 g FeSO4, 10 g FeCl3 6H2O, 2.0 g ZnCl2, 1.0 g CuSO4 5H2O, 0.5 g NaMoO4 2H2O, 0.2 g CoCl2 6H2O, 0.1 g MnCl2 4H2O, 0.1 g H3BO3, and 10 g citric acid per liter.
Fungal culture. The fungus was cultured in 500-ml Erlenmeyer ‰asks containing 300 ml of glycerol-peptone medium at 309 C for 3 days on a rotary shaker at 120 rpm. This culture (30 ml or 3 ml) was inoculated into 1000 ml (or 100 ml) of the glucose-NO 3 -medium in 5-liter (or 500 ml) Erlenmeyer ‰asks that were sealed with a rubber stopper and incubated at 309 C at 120 rpm. The air in the headspace was not replaced with an inert gas (initially aerobic conditions). This condition with respect to aeration is appropriate for the denitriˆcation of NO3 -by F. oxysporum.
5,10)
Preparation and fractionation of cell-free extracts. At the indicated incubation times fungal cultures were harvested and cells were collected byˆltration, washed with distilled water, and kept at -809 C. Thawed cells were disrupted with aluminum oxide as reported 5) in the buŠer: 100 mM sodium phosphate (pH 7.2) containing 10z glycerol, 0.5 mM EDTA, 0.1 mM dithiothreitol (DTT), 2.5 mM Na 2 MoO 4 , protease inhibitors (0.3 mM phenylmethylsulfonyl ‰uo-ride, 0.3 mM N-tosyl-phenylalanine chloromethylketone) (for aNar, aNir), 100 mM Tris-HCl (pH 7.2), 10z glycerol, 2.5 mM Na2MoO4 (for dNar), 100 mM Tris-HCl (pH 7.5), 10z glycerol, 5 mM CuSO 4 (for dNir), 100 mM Tris-HCl (pH 8.0), 10z glycerol (for Nor). Fungal cells were disrupted for subcellular fractionation just after harvest without freezing as follows. Wet cells (10 g) were mixed with 10 mM TrisHCl buŠer (10 ml, pH 7.2) containing 0.8 M sucrose, protease inhibitors, and 25 g of quartz sand, and disrupted by grinding. 11) Disrupted cells were then suspended in the buŠer described above (20 ml), and centrifuged at 1,500×g for 10 min. The supernatant containing cell-free extracts was further centrifuged at 10,000×g for 60 min to give a large-particle fraction (precipitate). The supernatant was again separated by centrifugation at 100,000×g for 90 min into soluble (supernatant) and membrane (precipitate) fractions.
Enzyme assays. We assayed aNar as reported 18) using the following modiˆcations. The reaction mixture contained 100 mM sodium phosphate (pH 7.2), 10z glycerol, 10 mM NaNO3, 0.5 mM EDTA, 0.1 mM DTT, 2.5 mM Na2MoO4, 0.01 mM FAD, 0.15 mM NADPH, and cell-free extracts (12,000×g supernatant). The reaction was stopped by boiling for 15 min and the amount of NO2
-formed was measured. 19) NADPH hinders the colorimetric measurement of NO2
-, but boiling seemed to degrade NADPH. We assayed aNir as described 20) using the following modiˆcation. The reaction mixture consisted of 25 mM sodium phosphate (pH 7.5) containing 0.2 mM NaNO2, 0.01 mM FAD, 0.1 mM NADPH, and cell-free extracts (12,000×g supernatant). The reaction was monitored as the decrease in absorbance at 340 nm due to NADPH. We assayed dNar under anaerobic conditions as reported.
11) The reaction mixture consisted of 50 mM sodium phosphate (pH 6.8) containing 10 mM NaNO3, 1 mM UQH2, 2.5 mM Na2MoO4, and cell-free extracts (1,500×g supernatant). We assayed dNir as reported 11) using NADH-phenazine methosulfate (PMS) as the electron donor. The reaction product (NO) of dNir was further converted to N2O by the sequential nitric oxide reductase P450nor reaction and the amount of N 2 O formed was measured by gas-chromatography (GC). Nor activity was measured as described. 15) All of these assays proceeded at 309 C. One unit (U) of enzymatic activity was deˆned as that yielding 1 mmol (for Nor) or 1 nmol (for aNar, dNar, and dNir) of the product per min or that required to consume 1 nmol NADPH per min (for aNir).
Other measurements. Protein was measured by the method of Bradford 21) using a protein assay reagent (Bio-Rad Laboratories Inc., California, USA). We monitored cell growth as the weight of dry matter remaining after freeze-drying a portion of wet cells. Amounts of N2O and O2 were measured using GC as described.
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Results
Denitriˆcation of nitrate by C. tonkinense We have shown that denitriˆcation by F. oxysporum requires a small amount of oxygen (O2) and that aeration must be strictly controlled to attain the highest activity. 10, 22) This suggests that C. tonkinense, a close relevant of F. oxysporum, might be able to denitrify NO3
-to N2O under certain conditions. Here, we examined the eŠects of carbon and nitrogen sources on the denitriˆcation by C. tonkinense under the initially aerobic conditions (Materials and Methods). As shown in Table 1 , we found that C. -were added to the medium. We conˆrmed that nitrogen atoms of N 2 O were derived from NO 3 -by comparing the product N2O derived from Na 14 NO3 and Na 15 NO3 using isotope mass-spectrometry 8) (data not shown).
Nitrate and nitrite reductase activities
We have shown that C. tonkinense contains mitochondrial dNir and Nor (P450nor) that should be responsible for the fungal denitriˆcation of NO2 -to N2O. 11) Here we examined the cell-free enzyme activities that should be involved in the denitriˆcation of NO3
-observed above. The results in Tables 1 and 2 show that activity of NADPH-dependent Nar, which should correspond to aNar, was detected in both the denitrifying-and non-denitrifying-cells. Less activity of aNar and aNir was detected in the presence than in the absence of NH4 ＋ , indicating that production of both enzymes were partly repressed by NH4 ＋ as is observed in other fungi. 23, 24) This phenomenon was observed in the presence of NH4
＋ at a concentration as high as 60 mM (Table 2) . By contrast UQH2-dependent Nar (dNar) activity was undetectable even in the denitrifying cells (data not shown), which is consistent with our previous conclusion that C. tonkinense lacks dNar.
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Localization of reductases Both aNar and aNir activities (NADPH-dependent) were recovered in the soluble fractions (Table 3) , consistent with their general localization in fungi.
2) Reduced methylviologen (MVH) can generally aŠord electrons to both aNar and dNar. However, the intracellular localization of MVH-dependent Nar activity was in parallel with that of aNar activity, showing that the MVH-Nar activity depended on aNar. The dNar of F. oxysporum or bacteria is membrane-bound, and if present, should be recovered in the large particle fraction. This fraction of the denitrifying cells of C. tonkinense contained no MVH-Nar activity (Table 3) , supporting the notion that dNar is not involved in the denitriˆcation of NO 3 -.
Time-dependent induction of denitrifying activity
Next, we examined time-dependent changes of denitrifying properties during the initially aerobic incubation of C. tonkinense with NO 3 -in the absence (Fig. 1A) or presence (Fig. 1B) 
of NH4
＋ . Consistent with the above results along with our previous observations, 7) N2O was not evolved throughout the incubation when NO3
-was the sole nitrogen source (Fig. 1A) . The intracellular aNar and aNir levels were in parallel with cell growth and O2 and NO3 -consumption. All of these activities declined when O2 was consumed. These results are consistent with the notion that aNar and aNir were used for NO3
-assimilation to support cell growth. By contrast, N 2 O was distinctly evolved in the latter stage of the incubation when NH4
＋ in addition to NO3 -was included in the medium (Fig. 1B) . Concomitant enzyme production (aNar, aNir, dNir, and P450nor) and NO3
-consumption began. The induction of aNar and aNir is gener- Fig. 1 . Denitriˆcation by C. tonkinense. C. tonkinense IFO30561 was incubated with 20 mM NaNO 3 (A), or 20 mM NaNO 3 plus 20 mM (NH 4 )SO 4 (B), in the glucose-containing medium in 500-ml ‰asks. ally repressed by NH4 ＋ . 23, 24) This was also true of C. tonkinense, since both aNar and aNir activities remained at low levels during the initial stage of the incubation (Fig. 1B) . However, both activities increased in accordance with the beginning denitriˆca-tion, although a considerable amount of NH4 ＋ remained. The aNir activity in the presence of NH4 ＋ was lower than the maximum activity of aNir in the absence of NH 4 ＋ (Fig. 1A) . Instead, distinct dNir activity was induced with a concomitant increase in P450nor activities,ˆndings that are consistent with the induction of denitrifying activity. However, dNar activity was undetectable throughout the incubation (data not shown).
The recovery of nitrogen atoms into N2O was about 10z of the consumed NO3
-(cf. Fig. 1B in the next to the top). Other nitrogen atoms of the consumed NO3
-would be converted to NH4 ＋ to be assimilated by the activity of aNar and aNir that was simultaneously induced under the conditions. EŠects of tungstate on the denitriˆcation Addition of tungstate, an inhibitor of Nar, to the culture signiˆcantly inhibited both NO 3 -consumption and N2O production, indicating that the denitriˆcation by intact cells was inhibited by tungstate. It also inhibited intracellular activity of aNar although the expression of denitrifying enzymes (NADH W PMS-Nir and NADH-Nor (P450nor)) was not suppressed (Table 4) . The results also support the idea that aNar is responsible for the reduction of NO3
-as theˆrst reaction of the denitriˆcation by C. tonkinense.
Discussion
We here demonstrated that C. tonkinense can denitrify NO3
-, although it has been considered unable to denitrify NO3
-. The presence of NH4 ＋ that generally represses NO3
-assimilation (i.e., induction of aNar and aNir) and a fermentable carbon source was required to speciˆcally induce the denitrifying activity by intact cells. aNar and aNir activities were induced in the cells concomitantly with the denitrifying activity and the denitrifying enzyme (dNir and P450nor) activities in the latter stage of incubation (Fig. 1B) , unlike the immediate induction in the absence of NH4 ＋ (Fig. 1A) . Both activities were produced even in the presence of much higher concentrations of NH4 ＋ ( Table 2) . These results are highly indicative that aNar and aNir are induced only for assimilatory purpose when NO3
-is the sole nitrogen source (Fig. 1A) but they are used for other purpose under the presence of NH4 ＋ (Fig. 1B) . Tungstate (a Nar inhibitor) almost completely inhibited the denitriˆcation (Table 4) , and dNar activity could never been detected in the cells. These results are consistent with involvement of aNar in denitriˆcation of NO3
-. Therefore, the denitriˆcation of NO3 -to N2O by C. tonkinense seems to proceed through the sequential reactions of aNar, dNir, and P450nor.
The denitriˆcation was also aŠected by carbon sources. It did not proceed when all conditions were identical except for replacement of the fermentable carbon source (glucose or galactose) with a nonfermentable source (glycerol or ethanol). The poor substrates for denitriˆcation also aŠorded only very low aNar activity in the latter stage of incubation (36 h) even in the presence of NH4 ＋ ( Table 1) . The results support the notion that excess reducing equivalents formed from a fermentable substrate are apparently dumped onto the aNar and the denitriˆca-tion reactions that follow under hypoxic conditions. We recently demonstrated involvement of aNar (and aNir) in fungal ammonia fermentation by F. oxysporum and many other fungi including C. tonkinense.
10)
Ammonia fermentation occurs under more anoxic conditions, in which excess electrons are dumped onto NO3
-by the reactions of aNar and aNir to form NH4 ＋ . Therefore, in both ammonia fermentation and the denitriˆcation by C. tonkinense, the reaction by aNar should function as the electron sink in energy metabolism (dissimilatory use). Theseˆndings are theˆrst to suggest the dissimilatory use in fungi of NADH-(or NADPH-) Nar that has been conventionally termed aNar.
